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Chapter 6

Abstract

Protein expression is shaped by evolutionary pressures. Due to limitations in biosynthetic ca-

pacity, the costs and benefits of enzyme production are important determinants of fitness. While

these processes are well understood in batch conditions, in chemostats, which are extensively

used to study microbial evolution in a laboratory setting, a feedback of the microbial physiology

on the conditions in the chemostat hinders an intuitive understanding. Here, we aim to provide

a solid theoretical framework of the selective pressures and optimal evolutionary strategies in

the chemostat. We show that the optimal enzyme levels can be described with control theory

and that optimal strategies are implemented by well-defined metabolic subsystems, known as

elementary flux modes, similar to batch conditions. However, as we illustrate with a realistic

coarse-grained model of the physiology and growth of the yeast Saccharomyces cerevisiae, the

evolutionary dynamics and final outcome of evolution in a chemostat can be very different. Sim-

ulated evolution of respiro-fermentative yeast cells in a chemostat at an intermediate dilution

rate shows an evolutionary stable coexistence of a strictly respiring and a strictly fermenting

strain. Our results connect a kinetic, mechanistic view of metabolism with cellular physiology

and evolutionary dynamics. We provide a theoretical framework for interpreting and reasoning

about selection and evolution experiments in the chemostat.

Introduction

Growth rate relates intimately to fitness for unicellular organisms. The specific growth rate is

the rate of biomass synthesis per unit biomass, which implies a strong selective pressure on

the efficient usage of biomass. Expression of non-functional proteins reduces growth-rate in

batch (Dong et al , 1995; Shachrai et al , 2010) and incurs a fitness cost in chemostat conditions

(Novick and Weiner, 1957; Dean et al , 1986; Dean, 1989; Lunzer et al , 2002; Stoebel et al ,

2008). Deviations from wild type enzyme expression also reduce fitness (Jensen et al , 1993;

Snoep et al , 1995). The importance of the cost and benefit of enzyme expression is apparent

from an evolutionary study where Escherichia coli attained predicted, environment-dependent

optimal expression levels within 500 generations (Dekel and Alon, 2005).

In two recent publications (Berkhout et al , 2013b; Wortel et al , 2014) we studied the ques-

tions: “Which enzymes should be expressed and to what concentration to achieve growth rate

maximisation?” The first question pertains to the choice of metabolic “strategy”, i.e. which path-

ways should be expressed under the prevailing conditions. For example, should a yeast cell

adopt a respiratory or a fermentative mode of metabolism, or a combination thereof? A growth

maximizing metabolic strategy always turn out to be a so called Elementary Flux Mode (EFM)

(Wortel et al , 2014), which is a minimal “route” through a metabolic network able to operate at

steady state. In a sense, an EFM is a “pure” metabolic strategy, e.g. fermentation or respiration,

but not respiro-fermentation (Wortel et al , 2014). The second question pertains to the biosyn-

thetic cost and catalytic benefit of the different enzymes within a metabolic pathway. We

proposed a general definition for the benefit and cost of enzyme expression and showed that

maximization of benefit minus cost for each enzyme maximizes the growth-rate (Berkhout et al ,

2013b). Furthermore, for each enzyme, the optimal relative enzyme concentration equals the
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flux control coefficient (Kacser and Burns, 1973; Heinrich and Rapoport, 1974; Klipp and

Heinrich, 1999).

Previous studies assumed growth in a constant environment, without feedback from the or-

ganism on its environment. While this is realistic during exponential growth in batch culture at

low biomass concentration, interactions between microorganisms and their environment do in-

fluence chemostat experiments. Since chemostats are extensively used to study selection

(Novick and Weiner, 1957; Dean et al , 1986; Dean, 1989; Lunzer et al , 2002; Stoebel et al ,

2008) and evolution (Helling et al , 1987) (and see Gresham and Hong (2014) for a recent re-

view) of microorganisms in a laboratory setting, we aim to provide a solid theoretical framework

of the selective pressures and optimal evolutionary strategies in this environment.

Here, we formulate general characteristics of optimal metabolic strategies in a chemostat.

We show that, as in batch, it must be an EFM. While the actual optimal enzyme concentrations

can be very different from those in a batch environment, they share the characteristic that the

optimal fraction of an enzyme out of total enzyme must be equal to flux control coefficient. We

illustrate our results with simulations of evolution of a self replicator model (Molenaar et al ,

2009) of Saccharomyces cerevisiae that roughly reproduces the experimental observations in

the chemostat. We show that due to negative frequency dependent selection coexistence of a

purely fermenting and a purely respiring strain is a possible evolutionary stable outcome,

something that cannot occur during prolonged repeated-batch growth.

Materials and Methods

Model description

In this section we will briefly discuss the general ideas behind the model. For details and a

mathematical description we refer to the Supporting Information, File S1 Section 2.

A self replicator model of yeast

The basic idea behind our model is that it is a self-contained representation of cellular growth.

The model is coarse grained, meaning that a large number of reactions are “lumped” into a single

rate equation.

The model consists of a glucose transporter, glycolysis, a fermentative and a respiratory

pathway, and ribosomes (Figure 6.1A). Glucose is transported into the cell by the transporters,

after which it is metabolized by glycolysis, yielding two pyruvate and two ATP. Pyruvate is used as

a precursor for biomass synthesis by the ribosomes, which requires 2.4 ATP per pyruvate. Since

more ATP is required per pyruvate in biomass synthesis than is produced in glycolysis, more

ATP needs to be generated by additional uptake of glucose, which is then further metabolized

either via fermentation or through respiration. In fermentation, pyruvate is discarded in the form

of ethanol, yielding one ATP per pyruvate from glycolysis. The respiratory pathway completely

metabolizes pyruvate to CO2, which generates an additional 9 ATPs per pyruvate. As such, the

model has two EFMs, which we refer to as the respiratory and the fermentative strategy (Figure

6.1B and C).

The ribosome synthesizes all the proteins that make up a cell, including itself, which implies
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Figure 6.1. Self replicator model of a Saccharomyces cerevisiae cell. This coarse-grained model captures the
main metabolic pathways of a S. cerevisiae cell. Glucose is transported into the cell by the HXT -transporter, and is
subsequently metabolized to pyruvate by glycolysis. Next, pyruvate can serve as a precursor for biomass formation by
the ribosome, or it can be further metabolized through either fermentation or respiration, the latter yielding additional
ATP. The model has two Elementary Flux Modes, a fermentative (B) and a respiratory (C) one.

a constant increase in biomass. The cellular volume needs to increase proportionally to keep the

biomass density constant. The rate of increase in cellular volume, per unit biomass, is interpreted

as the specific growth rate, µ. The specific growth rate depends on the enzyme concentrations,

which are controlled by the fraction of ribosome dedicated to the synthesis of that enzyme. For

instance, when the ribosome concentration is very low, there will not be enough biosynthetic

capacity to attain a high rate of biomass synthesis and when the ribosome concentration is very

high, there will not be enough metabolic resources to provide the ribosomes with sufficient ATP

and pyruvate to function efficiently. To maximize the growth rate, each enzyme has to attain an

optimal concentration that depends on the residual glucose and ethanol concentrations.

In our model, ethanol inhibits the fermentative flux, but not the respiratory one, based on

experimental results that suggest a stronger inhibition on (partially) fermenting strains (MacLean

and Gudelj, 2006) (also, ethanol slows down the glycolytic flux in S. cerevisiae after a glucose

pulse, a regime in which the yeast mainly ferments (Van Heerden et al , 2014)). While respiration

generates more ATP per glucose molecule, it is also more costly in terms of enzymes required to

catalyze the pathway flux. Which of these pathways is more efficient depends on the extracellular

conditions, such as the glucose and ethanol concentrations. The cell can employ either a purely

fermentative strategy, a purely respiratory one, or any combination thereof.

The parameters of our model are as much as possible based on literature. However, the

pathway kcat -values (i.e. the maximal turnover of a pathway per unit enzyme per unit time) are

not available. We therefore estimated their relative value based on the number and size of the

different enzymes in the pathway. (Pathways with many or large enzymes have a lower kcat .)

Subsequently, we fitted their absolute value (by multiplying all relative kcats with the same factor)

such that the model had a realistic maximal growth rate. Additional costs for respiration, such

as the maintenance of mitochondria and damage due to reactive oxygen species, were fitted to

70



The chemostat

ensure a switch in optimal strategy from respiration at low glucose concentrations to fermentation

at high glucose concentrations.

Chemostat model

In a chemostat, medium enters and leaves the vessel at a fixed dilution rate D, which is set

by the experimenter. The medium is composed such that one nutrient will become growth-rate

limiting. In our model this is glucose. Biomass will accumulate until the glucose concentration in

the vessel is depleted to such an extent that it limits the growth rate of the cell to the dilution rate.

In this way it is possible to set the steady state growth rate of the cells in the vessel. We use

the self replicator model discussed above to calculate the growth rate of the cells as a function

of enzyme levels and of the glucose and ethanol concentration. In this way, we can relate the

kinetics of metabolism and growth to the dynamics of biomass density in the chemostat.

Cells that ferment produce ethanol, which in turn inhibits fermentation. Since more ferment-

ing cells produce more ethanol, there is negative frequency dependent selection in our model.

The steady state biomass density, and the glucose and ethanol concentration in the chemostat

vessel are all interdependent. Ultimately, they depend on the dilution rate, the glucose

concentration in the feed, and the growth properties of the organisms in the vessel.

Selection coefficients

Selection between two species or mutants in a chemostat is typically quantified by the selection

coefficient S, which is the time derivative of the ratio of biomass densities (Dykhuizen, 1983).

For convenience, it can be normalized to the dilution rate D. The selection coefficient Sm,r of

a mutant m, with a perturbation in the concentration of enzyme i compared to a resident r ,

ei → ei + δei , is given by (Supporting Information, File S1 Section 1.1)

Sm,r ≡
1
D

d
dt

ln
xm

xr
=

1
D

(µm − µr ) =
(

CJbm
ei
− ei

etot

)
δei

ei
(6.1)

where x is the biomass concentration, µ the specific growth rate, CJbm
ei

is the flux control coeffi-

cient of enzyme i on the rate of biomass formation Jbm. There is thus a direct relation between

the flux control coefficient, the (relative) enzyme concentration and the selection coefficient.

Intuitively, this result can be interpreted as follows: If, when increasing the concentration of en-

zyme i by 1%, the relative increase in the biosynthetic flux (measured by CJbm
ei

) outweighs the

relative increase in total biomass (measured by ei/etot ), increasing the concentration of ei will

have a positive effect on fitness.

Equation (6.1) is only strictly true for infinitesimal changes in enzyme levels. Since larger

changes might occur due to mutations or experimental modification, we test if the selection

coefficient is a good approximation of the rate at which a mutant might take over the chemostat

for moderate changes in enzyme levels. We calculated the steady state of a chemostat with a

single strain present, the ‘resident’, for which we used arbitrarily chosen enzyme concentrations.

For this strain, a decrease eferm had the largest effect on the fitness, with
(

CJbm
eferm
− eferm

etot

)
=

−0.06. We predicted the rate at which mutant with a 10% reduction in eferm would take over the

chemostat with Eq (6.1) and compared this with a simulation of the chemostat dynamics (Figure
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Figure 6.2. The selection coefficient estimated from flux control coefficients gives a good estimate of the
rate at which a mutant takes over the chemostat. This figure shows the logarithm of the biomass ratios of a
resident and a mutant (black line). The mutant has a 10% (A) and 1% (B) reduced eferm, but is otherwise equivalent
to the resident. The selection coefficient, calculated from equation (6.1), can be used to “predict” the rate at which
the mutant accumulates (gray dashed line). While this equation is technically only valid for infinitesimal changes in
enzyme level, the result gives a good approximation of the rate at which a mutant takes over the population for more
substantial changes in enzyme levels.

6.2). The good agreement between these indicate that equation (6.1) is indeed a good estimate

selection coefficient for non-infinitesimal changes in enzyme concentrations.

For an optimal distribution of enzyme concentrations, the selection coefficient of a mutant

with any infinitesimal change in enzyme levels must be zero. Hence, for an optimal phenotype it

must hold for each enzyme that:

CJbm
ei

=
ei

etot
∀i . (6.2)

Interestingly, this is the same condition for optimality as found by Berkhout et al. for growth in

batch (Berkhout et al , 2013b). This result was previously derived by Klipp and Heinrich (Klipp

and Heinrich, 1999), albeit in a different context.

Since the flux control coefficients ultimately also depend on the substrate concentration in

the chemostat, the enzyme levels cannot be deduced from Eq (6.2) only, but the substrate and

product concentration and the total biomass density should also be in steady state. When all

relative enzyme levels are set equal to their flux control coefficient, the selection coefficient is

non-positive for all mutations and there is no alternative distribution of enzymes within that EFM

that attains a growth rate higher than the dilution rate (Figure 6.3). For details on how to find the

optimal state in a chemostat, see Supporting Information, File S1 Section 2.4.

In a chemostat, yield, growth rate and external substrate concentrations are all interdepen-

dent. This can be quantified by the following relation, which must generally hold for each

enzyme (Supporting Information, File S1 Section 1.2):

CJbm
ei
− ei

etot
= −RJbm

s Cs
ei
− RJbm

p Cp
ei ∀i . (6.3)

Here RJ
x is the response coefficient of the biomass synthesis flux to a change in the concentration

of substance x in the chemostat, and Cx
ei

the concentration control coefficient of enzyme i on

substance x , i.e. the percentage change in x when ei is perturbed and a new steady state is

reached. This relation relates the control ei has on intracellular fluxes (LHS) to the effect it has
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Figure 6.3. Characteristics of optimal enzyme levels. The selection coefficient (solid colored lines) and growth rate
normalized to the dilution rate (dashed colored lines) as a function of the relative concentration of (A) fermentation and
(B) respiration enzymes. The optimal state (indicated by the green vertical line) is used to calculate the other enzyme
levels, the glucose concentration and the ethanol concentration, which remain constant while the fermentation (A) or
respiration (B) enzymes are varied. Since the selection coefficient is negative for all enzyme concentrations, no mu-
tants with the same metabolic mode can invade. For reference, the flux control coefficient and enzyme concentrations
are also shown (dashed gray lines).

on extracellular substrate concentrations (RHS).

Equation (6.3) implies that in the optimum:

RJbm
s Cs

ei
= −RJbm

p Cp
ei ∀i (6.4)

RJbm
s and RJbm

p always have an opposite sign, and for an EFM Cs
ei

and Cp
ei , have opposite signs,

and hence the LHS and RHS of equation (6.4) have opposite signs. Since RJbm
s and RJbm

p can

never both be strictly zero, this implies that the optimal strategy is characterized by Cs
ei

= 0 and

Cp
ei = 0 ∀i , i.e. the substrate and product concentration both have an extreme. Logically, the

substrate concentration will have a minimum and the product concentration a maximum. The

product over substrate yield of an EFM is fixed, so, for an EFM, minimizing the residual glucose

concentration is also equivalent to maximizing the biomass concentration in the chemostat.

Results

Evolution in the chemostat

In a chemostat the steady state growth rate is set by the dilution rate. Therefore, evolution does

not select simply for growth rate maximization, and it is not straightforward to define what an

optimal strategy is. We therefore define an optimal phenotype as an evolutionary stable one;

i.e. one where no mutant with a different strategy (or with different enzyme concentrations)

can invade. Since a mutant will be able to invade a chemostat only if it grows faster than the

population that is already present, selection is ultimately mediated through differences in growth

rate.
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Optimal strategies must be elementary flux modes

As stated in the introduction, in a constant but otherwise arbitrary environment, a growth maxi-

mizing strategy is always a so called Elementary Flux Mode (EFM) (Wortel et al , 2014; Müller

et al , 2014). A metabolic network typically has many EFMs, and which particular one is optimal

depends on the environmental conditions and metabolic enzyme kinetics.

A chemostat is not a constant environment, as changes in microbial physiology affect for

instance the residual substrate concentration in the vessel. However, as selection in the chemo-

stat is ultimately mediated through differences in growth rate, any optimal strategy in a

chemostat must be an EFM. This can be shown by a ‘Gedankenexperiment’. Suppose the opti-

mal strategy is not an EFM. When the vessel is in steady state and hence the environment is

constant, there must be an alternative strategy that can grow faster under the prevailing condi-

tions, because under constant conditions the optimal strategy is an EFM. A mutant employing

this strategy will be able to invade and hence, a non-EFM strategy can be invaded and therefore

cannot be an optimal strategy.

In this work we will derive results that are generally valid for optimizing specific fluxes of

metabolic networks of arbitrary size and complexity, but we will illustrate our results with a coarse-

grained whole cell model of yeast in a chemostat environment (Figure 6.1). Our self-replicator

model has two EFMs: A purely fermentative strategy and a purely respiratory strategy. The

reasoning above implies that a respiro-fermentative strategy cannot be an optimal strategy, as

this is not an EFM.

Invasion by alternative strategies shows evolutionary instability of single
strategies

It might be tempting to conclude from the argumentation above that an evolutionary stable

strategy must be a single pure strategy—in the case of the illustrative model either pure fermen-

tation or pure respiratoration. However, for both the optimal fermenting and respiring strategy,

the population can be invaded by a mutant employing an alternative strategy (Figure 6.4A and

B). These invaders will not take over completely, but a coexistence of two strains will arise. The

biomass concentrations in the coexistence starting with the fermenting strain differ from the

ones starting with the respiring strain, because the relative enzyme levels of the strains are cho-

sen such that they are optimal at the initial conditions, constrained by their respirative ratio.

These optimal relative enzyme levels are different for the initial conditions with only a fermenter

present and only a respirer present, and therefore the strains in Figure 6.4A and 6.4B are not

identical, even though they have the same respirative ratio.

The origin of this mutual potential for invasion can be illustrated by fitness-landscapes, de-

fined as the dependency of the selection coefficient on the metabolic strategy. Figures 6.4C and

D depict the selection coefficients of mutants in a resident population of a respiring (6.4C) or a

fermenting (6.4D) strain. A phenotype with a positive selection coefficient can invade, but the

mutant will affect the conditions in the chemostat, and hence change the shape of the fitness

landscape. For instance, when a fermenter invades, the concentration of ethanol in the vessel

will increase, reducing the fitness advantage of the fermenting strategy until the ethanol con-
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Figure 6.4. Respiring cells can invade in a chemostat with an optimized fermenter resident, and vice verse.
The resident is restricted to particular phenotype, but otherwise optimized for the conditions that the chemostat is
operating at (D = 0.3hr−1 and glufeed = 111mM). This means that no other fermenting strain can invade in the
chemostat where the fermenter is the resident, and similarly for the respiring strain. A and B At t = 0 a “mutant” of
opposite metabolic strategy appears that settles in the chemostat, but does not take over completely. This indicates
that (under these conditions) there is not a single optimal strategy in this chemostat. C and D The potential of
opposing strategies to invade is clear from the fitness landscapes, which show the difference in growth rate, relative
to the dilution rate, as a function of the relative flux trough respiration. When a respirer (fermenter) is the resident,
more fermenting (respiring) strategies have a positive selection coefficient, indicating that they have the potential to
invade.
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Figure 6.5. Requirements for coexistence. A The optimal specific growth rate of a respiring and a fermenting
strain as a function of glucose concentration, in the absence of ethanol. At each glucose concentration, the optimal
enzyme levels are calculated. There is a potential for coexistence in a chemostat when the dilution rate is such that
in the absence of ethanol fermenting strains outgrow respiring ones, but the respirers will not wash out (Phase II). An
additional requirement for coexistence is that the glucose concentration in the feed allows for enough accumulation of
ethanol to inhibit the growth rate of fermenting cells to the extent that it equals to growth rate of respiring cells. Panel
B shows combinations of glucose feed and dilution rate where coexistence can and occur.

centration is such that the growth rate of the fermenters is equal to the dilution rate and a new

steady state is reached. In conclusion, due to negative frequency dependent selection, a

coexistence between two phenotypes is possible.

The stability of a coexistence in the chemostat depends on the environmental conditions,

such as the dilution rate and feed concentrations. Whether coexistence of a purely fermenting

and a purely respiring strain is evolutionary stable in our model depends on the dilution rate and

the glucose concentration in the feed. This dependency can be visualized by considering the

growth rate of the (optimized) strains as a function of glucose concentration, in the absence of

ethanol (Figure 6.5A). Coexistence is impossible at low growth rates (phase I), because even in

the absence of ethanol respiring strains require a lower glucose concentration to attain a partic-

ular growth rate. At high growth rates (phase III) coexistence cannot occur because respiring

strains will wash out. Phase II—with growth rates below the µmax of the respiring strain, but

where in the absence of ethanol, the fermenting strains will outcompete them— has the poten-

tial for stable coexistence. Fermenting cells initially outgrow respiring cells, which will lead to the

accumulation of ethanol, inhibiting their growth. When the glucose concentration in the feed is

low, resulting in a low biomass concentration, ethanol will not accumulate to levels high enough

to substantially inhibit the growth of the fermenting cells and a single fermenting strategy will be

optimal. At higher feed concentrations ethanol will start to inhibit the fermenting cells and a sta-

ble coexistence will arise (Figure 6.5B). A mathematical derivation of the conditions for stable

coexistence can be found in Supporting Information, File S1 Section 2.4.

We can conclude from equation (6.4) that for a single strain in a chemostat the optimal

state maximizes the total biomass density in the vessel. For a mixed population, this is not the

case because the overall yield of biomass on substrate depends on the relative abundance of

the strains. For instance, when only respiring strains are present, the biomass density would

be higher because respirers have a higher yield. Equation (6.4) itself is still valid for a mixed
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population.

Flux control coefficients and enzyme levels are directly related to selection coef-
ficients

Having established that if an optimal strategy exist, it must be an EFM or coexistence of EFMs,

the next question to address is what the optimal enzyme concentrations are. Since the specific

growth rate of a cell is by definition the rate of biomass synthesis per unit biomass, there is

a cost associated with maintaining high concentrations of any particular enzyme. Doubling the

amount of a certain enzyme might enhance the rate of biomass synthesis, but it will also increase

the amount of biomass that needs to be synthesized to produce one offspring. Increasing the

concentration of a particular enzyme can either increase or decrease fitness, and there exists a

fitness-optimizing concentration for each enzyme. From the definition of the selection coefficient

we can derive that in the optimum, the relative enzyme concentrations are equal to the flux

control coefficients (Eq (6.2)). This result was previously obtained in different contexts (Berkhout

et al , 2013b; Klipp and Heinrich, 1999).

Evolutionary dynamics: Diversification in the chemostat

We have shown that under some conditions, for any single strategy there is another strategy

that can invade, which allows for diversification in a chemostat to occur. We simulated the evo-

lutionary dynamics in a chemostat, initialized with a resident employing a mixed,

respiro-fermentative strategy. Our simulation is similar to the method employed by Beardmore

et al (2011) (technical details can be found in the Supporting Information, File S1 Section 2.5).

In short, we divide the population into discrete phenotypes, ranging from purely fermentative

through respiro-fermenters to purely respiratory. For each phenotype, at each moment all en-

zyme levels are optimized for the prevailing conditions, under the constraint that the relative flux

to ethanol and respiration is fixed to that belonging to the phenotype. This reflects the assump-

tion that additional regulatory mechanisms regulate other aspects of the cellular resource

allocation in an optimal way. The chance that one phenotype “mutates” into another decrease

exponentially with the distance between the phenotypes.

The results are depicted in Figure 6.6. We start with an initial population of

respiro-fermenters, which gradually evolves into different strategies. First, increasingly more

fermentative mutants take over the population. As these accumulate, so will the ethanol con-

centration in the chemostat, giving more respiring strains a growth advantage. Indeed, after

some time these start to appear. Ultimately, a coexistence between a respiratory and a fermen-

tative phenotype results that have completely replaced the initial respiro-fermenter. The

maintenance of several phenotypes close to the optimal strategy is the result of an

mutation-selection balance and the amount of suboptimal phenotypes depends on the mutation

rate. This simulation illustrates the potential for speciation in a homogeneous environment due

to negative frequency dependent selection.

77



Chapter 6

Fermenting Mixed Respiring

0

2

4

6

8

10
t=0 hr

Fermenting Mixed Respiring

0

2

4

6

8 t=550 hr

Fermenting Mixed Respiring

0

2
t=7500 hr

Fermenting Mixed Respiring

0

2 t=20000 hr

Fermenting Mixed Respiring

0

2
t=50000 hr

Fermenting Mixed Respiring

0

2
t=1000000 hr

Figure 6.6. Speciation in a chemostat environment. These panels show the time evolution of the biomass density
of fermenting, respiro-fermenting and respiring phenotypes in a simulated evolution experiment. At t = 0 we start
with a population of respiro-fermenters. This population is initially partly taken over by fermenting strains. As the
ethanol concentration in the chemostat increases, respiring cells gain an advantage. Ultimately, the initial population
is completely taken over by respiring and fermenting strains.

Discussion

We showed that, despite differences in the way selection acts in chemostat and in batch, the

general characteristics of selection for metabolic strategies are very similar; an optimal strategy

must be an EFM and the optimal enzyme concentrations (relative to the total enzyme

concentration) are equal to the flux control coefficients. Despite the similarities in general char-

acteristics, the actual optimal enzyme concentrations can differ considerably between batch

and chemostat. We illustrated how diversification can occur in a homogenous and apparently

(but not quite) constant environment with a coarse-grained self-replicator model of S.

cerevisiae. Coexistence in the chemostat has been shown previously in theoretical and experi-

mental papers, but our result that coexisting strains can be optimal and evolve from a common

ancestor is new.

Our results indicate that in the chemostat environment coexistence of two or more different

metabolic strategies is potentially an evolutionary stable state. Classically, in game-theory, a

population of individuals employing a mixed strategy is equivalent to a coexistence of two popu-

lations employing either pure strategy (Smith, 1982). A mixed metabolic strategy, however, is

not equivalent to a coexistence, because a mixed strategy is not an EFM. The difference arises

from the fact that the modules are connected trough the intracellular concentrations of glucose,

pyruvate and ATP and these concentrations are different in respiring and fermenting cells. For

instance, a fermenting cell benefits from a high intracellular glucose concentration, because the

affinity of fermentation for intracellular glucose is low. The respiration module has a high affinity

for intracellular glucose and for respiring cells a low level of intracellular glucose, which inhibits

glycolysis less, is beneficial. A cell employing a mixed strategy must compromise between

these two, and as a consequence is less fit than both. Depending on the difference in optimal

metabolite concentrations between different strategies and their effect on the growth rate, the

selection on a pure strategy over the best adapted mixed strategy can be strong or weak. This

observation highlights the importance of combining a detailed metabolic model with a popula-
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tion model. Even though mixed strategies are not optimal, the different pure strategies do not

necessarily have to be genetically hardwired. The subpopulations can also be phenotypic, as

long as each exhibits a pure strategy.

The often observed coexistence of different phenotypes in the chemostat (Helling et al ,

1987; Rosenzweig et al , 1994; Turner et al , 1996; Treves et al , 1998; Rozen and Lenski, 2000;

Davison and Stephanopoulos, 1986) has lead to several suggested theoretical explanations.

Pfeiffer and Bonhoeffer showed that under particular conditions cross-feeders and partial and

complete glucose degraders can co-evolve due to inhibition by and feeding on a glycolytic

“waste” product (Pfeiffer and Bonhoeffer, 2004). They required particular assumptions about the

toxicity of metabolic intermediates and modeled growth rate indirectly. Our results explain that

they found pure strategies as outcomes of evolutionary simulations, because irrespective of the

model details, only these pure strategies are EFMs. Several other mechanisms have been put

forward to theoretically explain coexistence in a chemostat environment: Negative frequency

dependent selection due to auto-inhibition by a waste product (De Freitas and Fredrickson,

1978) as well as inhibition by an antibiotic substance to the feed medium (Lenski and Hattingh,

1986) can lead to coexistence of strains with differences in sensitivity to the inhibitor, and a

combination of a rate-affinity and rate-yield trade-off can lead to coexistence, provided

mutations are included in the model (Gudelj et al , 2007; Beardmore et al , 2011).

Several researcher have evolved S. cerevisiae and E. coli (Helling et al , 1987) in the

chemostat (summarized in Gresham and Hong (2014)). These experiments have been

conducted at low dilution rates, possibly for practical reasons such as medium supply. These di-

lutions rates are below the threshold for coexistence in our analysis, and, indeed, a shift from

mixed to fully respiratory metabolism and increased yield has been observed in evolution

experiments (Jansen et al , 2005; Brown et al , 1998; Ferea, 1999).

The stability of coexistence due to inhibitory compounds has been shown experimentally with

a coexistence of S. cerevisiae and E. coli (Davison and Stephanopoulos, 1986). This study also

shows that the coexistence can depend on the feed concentration, just like we predict. We could

repeat their experiments with two S. cerevisiae strains that differ in their respirative ratio; these

can be natural strains (MacLean and Gudelj, 2006) or modified strains. For the coexistence to

be stable it is required that (1) the (more) fermenting strains should grow faster than the (more)

respiring strain at a certain dilution rate and (2) the fermenting strain should be inhibited enough

by the ethanol to make coexistence possible. For our predictions of coexistence the fermenting

and respiring strains need not be pure strains and neither do the respirers have to be insensitive

to inhibiting by ethanol, as long as the (more) fermenting strains are inhibited more strongly.

Comparing theory with experimental results, we have to keep in mind that microbes are not

completely optimized for the chemostat environment, nor can we expect that they will be after

even a prolonged evolutionary experiments. Also, we have ignored selective pressures on pro-

cesses other than the allocation of biosynthetic resources, for instance, limitations in membrane

area could help explain the evolution of cell size and shape (Molenaar et al , 2009) and the cat-

alytic properties of enzymes might also be subject to selection (Klipp and Heinrich, 1994;

Bar-Even et al , 2011). An understanding of the intricate interplay of selective pressures on dif-
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ferent aspects of cellular functioning, as well as the determination of which of these pressures

are dominant under what conditions, requires a proper understanding of how selection acts on

each aspect individually.

This work provides a theoretical framework based on the biochemistry of metabolic networks

to elucidate how selection shapes microbial metabolism, a key aspect of cellular physiology,

in a chemostat environment. Experimental evolution experiments at high dilution rates could

provide support for these selective pressures, both with S. cerevisiae, where we have here shown

that this could be a realistic scenario, or with other organisms that show different modes of

metabolism (Goel et al , 2012).
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